The purpose of this work is to prove that only by applying a theoretically sound information approach to developing a model for measuring the Boltzmann constant, one can justify and calculate the value of the required relative uncertainty. A dimensionless parameter (comparative uncertainty) was proposed as a universal metric for comparing experimental measurements of Boltzmann constant and simulated data. Examples are given of applying the proposed original method for calculating the relative uncertainty in measuring the Boltzmann constant using an acoustic gas thermometer, dielectric constant gas thermometer, Johnson noise thermometer, Doppler broadening thermometer. The proposed approach is theoretically justified and devoid of the shortcomings inherent in the CODATA concept: a statistically significant trend, a cumulative value of consensus or a statistical control. We tried to show how a mathematical-expert formalism can be replaced by a simple, theoretically grounded postulate on the use of information theory in measurements.
Introduction
In 2018, for the first time in the history of modern science, a unique decision was taken: a modification of the International System of Units (SI). It is based on the redefinition of the four basic units of kilogram, ampere, kelvin and mole of the SI in terms of fundamental physical constants. The basic unit of thermodynamic temperature θ, kelvin, was based on a fixed numerical value of the . This became possible only due to the unique methods of measuring the Boltzmann constant. However, the numerical value of the Boltzmann constant is fixed only when special requirements are met for the relative uncertainty of measurement [1] : the relative standard uncertainty of the adjusted (mean) value of k is less than 1 × 10 −6 ; the determination of k is based on at least two fundamentally different methods, of which at least one result for each shall have a relative standard uncertainty less than 3 × 10 −6 . To calculate the value of relative uncertainty, modern statistical methods and supercomputers are used. Besides, at each stage of evaluating the results, an expert analysis of the obtained data is carried out. It means to use the specialist's own intuition, knowledge and experience (one's personal philosophical leanings [2] ). Such a situation does not exclude the presence of a biased statistical expert, motivated by personal convictions or preferences. It should be mentioned that the relative uncertainty method for identifying the measurement accuracy does not indicate the direction in which one can find the true value of a fundamental physical constant. In addition, it involves an element of subjective judgement [3] .
In contradiction with CODATA (The Committee on Data for Science and Technology) statistics-expert techniques, the proposed method [4] [5] is a theoretically grounded approach, based on the theory of information. The approach begins with a simple concept, for example each model of the phenomenon includes a certain amount of information. It is assumed that the end result will be one value that predicts the model uncertainty prior to the experiment or computer simulation. The information-based approach serves as a practical tool for checking the lowest achievable model uncertainty. It also creates the right scientific discussion about the maximum optimal number of variables recorded.
In this paper, we have focused on a very important application of the information-based method: analysis of the relative uncertainty in the measurements of the Boltzmann constant.
Information Measure Approach
The approach, called the μ SI -hypothesis, was formulated in [6] . It focused on calculating the lowest comparative uncertainty of the researched quantity and based on principles of information and similarity theories with the usage of the International System of Units (SI). Following it, a certain uncertainty exists before starting experiment due only to the known recorded number of quantities.
In turn, the dimensionless comparative uncertainty ε of the dimensionless quantity u, which varies in a predetermined dimensionless interval S, for a given number of selected physical dimensional quantities z'', and β'' (the number of the recorded base quantities) can be determined from the relation:
where Δu is the dimensionless uncertainty of the physical-mathematical model describing the measurement experiment:
B. Menin (1) ξ is the number of base quantities with independent dimension; SI includes the following seven (ξ = 7) base quantities: L is the length, M is mass, Т is time, I is electric current, Θ is thermodynamic temperature, J is force of light, F is a number of substances. The dimension of any derived quantity q can only express a unique combination of dimensions of base quantities in different degrees [7] :
(2) , , , l m f  are exponents of quantities, the range of each has maximum
and minimum values; according to 8 , integers are the following: 
where "−1" corresponds to the situation when all exponents of base quantities in the formula (2) are treated as zero dimension; П is a product of е k ;
(5) The value * Ψ includes both required, and inverse quantities (for example, L¹-length, L −1 -running length). That is why the object can be judged knowing only one of its symmetrical parts, while others structurally duplicating this part may be regarded as information empty [9] . Therefore, the number of options of dimensions may be reduced by two times. It means that the total number of dimensional physical quantities without inverse quantities for SI equals (6) z′ is the total number of dimensional physical quantities in the chosen class of phenomena (CoP); in SI frames, every researcher selects a particular CoP to study a material object. CoP is a set of physical phenomena and processes described by a finite number of primary and secondary quantities that characterize certain features of a material object from the view of qualitative and quantitative aspects [10] . In studying mechanics, for example, which is widely applied for the Newtonian gravitational constant measurements with a torsion balance, the base units of SI are typically used: L, M, Т (LMT). In publications closed to studying, for example, the Boltzmann constant there was usually realized CoP SI ≡ LMТθF and CoP SI ≡ LMТθI; (7) β ′ is the number of base physical quantities in the chosen CoP.
Taking into account the π-theorem [7] , the total number of dimensionless 
Equation (1) quantifies Δu/S caused by the limited number of quantities taken into account in the theoretical or experimental analysis of the researched quantity. On the other hand, it also sets a limit on the expedient increasing of the measurement accuracy in conducting experimental studies. In turn, Δu/S is not a purely mathematical abstraction. It has a physical meaning, consisting in the observation that in nature there is a fundamental limit to the accuracy of displaying any observed material object, which cannot be surpassed by any improvement of instruments and methods of measurement. The reality of the environment is the obvious a priori condition for the modelling of the investigated material object. By allocating the interested process or phenomenon, the unknown relationships between the content of the object and the environment are "broken". In this context, it is obvious that an overall uncertainty of the model including inaccurate input data, physical assumptions, the approximate solution of the integral-differential equations, etc., will be larger than Δu. Thus, Δu is only one lowest component of a possible mismatch of the real object and its modelling results.
In fact, Equation (1) the achieved accuracy of each main quantity, characterizing the internal structure of the object. In other words, the conformity principle fundamentally establishes the accuracy limit (for a given class of phenomena) of simultaneously defining a pair of quantities, observed by a conscious researcher, particularly, the absolute uncertainty in the measurement of the investigated quantity and the interval of its changes.
Equating the derivative of Δu/S (1) with respect to z β ′ ′ − , to zero, we obtain the condition for achieving the minimum comparative uncertainty for a particular CoP: Let us apply the information approach for analysing measurement results of the Boltzmann constant by the use of four different methods.
For these purposes, the reader needs to remember that if the range of observation S is not defined, the information obtained during the observation/measurement cannot be determined, and the entropic price becomes infinitely large [11] . Any specific measurement requires a finite a priori information about the components of the measurement and interval of observation of the measured quantity. These requirements are so universal that it acts as a postulate of metrology [12] . This, the observed range of variations, depends on the knowledge of the developer before undertaking the study. "If nothing is known about the system studied, then S is determined by the limits of the measuring devices used" [11] .
That is why, taking into account Brillouin's suggestions, there are two options for applying the conformity principle to analyse the measurement data of the fundamental physical constants. 2) The experimental absolute uncertainty Δ z is calculated by multiplying the fundamental physical constant value z and its relative uncertainty r z attained during the experiment, Δ z = z·r z ;
3) The maximum z max and minimum z min values of the measured physical constant are selected from the list of measured values z i of the fundamental physical constant obtained in different studies; 4) As a possible interval for placing the observed fundamental constant S z , the difference between the maximum and minimum values is calculated, S z = z max − z min ;
5) The selected comparative uncertainty ε T (Table 1) 7) The relative uncertainty obtained r IARU is compared with the experimental relative uncertainties r i achieved in various studies; 8) According to IARU, a comparative experimental uncertainty of each study, ε IARUi is calculated by dividing the experimental absolute uncertainty of each study Δ z by the difference between the maximum and minimum values of the measured fundamental constant S z , ε IARUi = Δ z /S z . These calculated comparative uncertainties are also compared with the selected comparative uncertainty ε T (Table 1) .
Second, S is determined by the limits of the measuring devices used [11] . This means that as the observation interval in which the expected true value of the measured fundamental physical constant is located, a standard uncertainty is selected when measuring the physical constant in each particular experiment.
Compared with various fields of technology, experimental physics is better for the fact that in all the researches, the experimenters introduce the output data of the measurement with uncertainty bars. At the same time, it should be remembered that the standard uncertainty of a particular measurement is subjective because the conscious observer probably did not take into account this or that uncertainty. The experimenters calculate the standard uncertainty, taking into account all possibilities, they noticed in the measured uncertainties. Then, one calculates the ratio between the absolute uncertainty reached in an experiment and the standard uncertainty, acting as a possible interval for allocating a fun- 1) From the published data of each experiment, the value z, relative uncertainty r z and standard uncertainty u z (possible interval of placing) of the fundamental physical constant are chosen;
2) The experimental absolute uncertainty Δ z is calculated by multiplying the fundamental physical constant value z and its relative uncertainty r z attained during the experiment, Δ z = z·r z ;
3) The achieved experimental comparative uncertainty of each published research ε IACUi is calculated by dividing the experimental absolute uncertainty Δ z by the standard uncertainty u z , ε IACUi = Δ z /u z ; 4) The experimental calculated comparative uncertainty ε IACUi is compared with the selected comparative uncertainty ε T (Table 1 ) inherent in the model, which describes the measurement of the fundamental constant.
Application of the Information Method

Acoustic Gas Thermometer
First, confirm that you have the correct template for your paper size. This template has Acoustic gas thermometry (AGT) relates the speed of sound in a gas of known composition to the thermodynamic temperature. A detailed description of the design of the experimental method of measurement of the Boltzmann constant by the AGT method is presented in [13] . The measurement data are summarized in Table 2 . The noted scientific articles belong to CoP SI ≡ LMТΘF [14] - [20] . Although the authors of the research studies cited in these papers mentioned all the possible sources of uncertainty, the values of absolute and relative uncertainties can still differ by more than two times. And a similar situation exists in the spread of the values of comparative uncertainty. [20] . In this case, the possible observed range S k of k placing is equal to:
For this purpose, taking into account (4) and (8), one can arrive at the lowest comparative uncertainty ε LMTθF using the following conditions: 
where "−1" corresponds to the case where all the base quantities exponents are zero in formula (1); 5 corresponds to the five base quantities L, M, T, Θ and F;
and division by 2 indicates that there are direct and inverse quantities, e.g., L 1 is the length and L −1 is the run length. The object can be judged based on the knowledge of only one of its symmetrical parts, while the other parts that structurally duplicate this one may be regarded as information empty. Therefore, the number of options of dimensions may be reduced by a factor of two.
According to (8) , (10) and (11) 
In this case, the lowest possible relative uncertainty (r min ) LMTθF 
This value agrees well with [18] and the recommendation of 3.7 × 10 −7 cited in [21] .
Guided by the IACU and IARU methods, one can calculate the achieved comparative uncertainty in each experiment (Table 2 ). There is a significant difference between the comparative uncertainty calculated according to the information-oriented approach ε LMТθF = 0.1331 and the experimental magnitudes achieved during measuring k. The difference may be explained by the following.
AGT is based on the definition of an ideal gas behaviour in spite that the interaction between the gas particles is not sufficiently known. In addition, it is impossible to measure the molar concentration of gas per unit volume and volume itself with a competitive degree of accuracy. Moreover, the latter includes the volume of connecting pipes to pressure gauges. Thus, there are significant unrecorded uncertainties associated both with the formulation of the model of the experiment and with the achievable accuracy of the quantities taken into account in the calculation. It must be noted that the proximity of the acoustic mode to the shell resonance perturbs the data for this mode to an unacceptably large degree. In addition, experimenters take into account a very contrasting number of quantities in comparison to the recommendations (see Table 1 ). So, the significant difference between the comparative uncertainty calculated according to the information-oriented approach and the experimental magnitudes achieved during measuring k, confirms the observation that AGT has reached a limit that is unlikely to be improved for many years [23] .
Dielectric Constant Gas Thermometer (DCGT)
In the DCGT, the gas dielectric constant ε r (p) is measured as a function of pres-B. Menin Journal of Applied Mathematics and Physics sure to determine the temperature. To verify the Boltzmann constant, measurements are performed at a known temperature, the triple point of water (TTPW = 273.16 K), and a k value extracted from the Clausius-Mossotti ratio modified by the corresponding virial terms. The principle is quite simple: the capacitance C(p) of a capacitor in a gas and its value in vacuum C(0) are measured. Then, their ratio is calculated to extract the value of ε r . The value of k is then derived from ε r using the known molar polarizability, the density and dielectric virial coefficients [23] .
The measurement data are summarized in Table 3 . The noted scientific articles belong to CoP SI ≡ LMТΘI [21] [24]- [28] . The values of absolute and relative uncertainties differ by more than a factor of 10. A similar situation exists in the spread of the values of comparative uncertainties. 
For this purpose, taking into account (4) and (8), one can arrive at the lowest comparative uncertainty ε LMTθI using the following conditions: 
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where "−1" corresponds to the case where all the base quantities exponents are zero in formula (1); 5 corresponds to the five base quantities L, M, T, Θ and I;
According to (16) and (17) . In other words, there are unrecorded uncertainties in [21] , and therefore, experimenters are advised to double-check the full list of sources of uncertainty taken into account.
Guided by the IACU and IARU methods, one can calculate the achieved comparative uncertainty in each experiment (Table 3 ). There is a large gap between the comparative uncertainty calculated according to the information-oriented approach ε LMТθI = 0.222 and the experimental magnitudes achieved during measuring k by DCGT. At the same time, progress to achieving a higher accuracy is obvious during the last four years. For example, in DCGT, the measuring gas (helium) has very low polarizability, which prevents absolute measurements of a dielectric constant ε. It is calculated from the relative change in capacitance of a capacitor. Because of the necessary hydrostatic correction, pressure measurement is a limiting factor, besides dielectric virial corrections and compressibility problems. During the measurement,
pairs of values of the pressure p and of the dielectric constant ε are recorded at a temperature which must be constant, however, very small fluctuations exists. k is determined from the function ε(p), a component of which must be linearly approximated. In addition, the applied high gas pressures cause a deformation of the measuring capacitors. Thus, there are significant unrecorded uncertainties associated both with the formulation of the model of the experiment and with the achievable accuracy of the quantities taken into account in the calculation. Besides, experimenters take into account a very contrasting number of quantities in comparison to the recommendations (see Table 1 ). So, the lack of previous experience influences innovative research, although specialists are highly qualified to use the latest technologies. Thus, a paradoxical situation arises when new inconsistencies give rise to more serious vulnerabilities in new measurement and computing technologies [29] . In this situation, a new information approach can play a positive role in predicting and adopting new definitions of units for the international SI system.
Johnson Noise Thermometer
In the JNT technique a well-characterized noble gas and pressure measurements are used at the frontier of accuracy, as well as primary level electrical metrology to measure minute changes in tiny capacitances (≈10 pF). Thermodynamic temperature is derived from the statistical movement of electrons in an ohmic resistor, generating a noise voltage (white noise). JNT determines the temperature from the mean square of the noise voltage by means of the Nyquist formula [13] . The measurement data are summarized in Table 4 . The noted scientific articles belong to CoP SI ≡ LMТΘI [30] - [35] . The values of absolute and relative uncertainties differ by more than a factor of five. A similar situation exists in the spread of the values of comparative uncertainties.
Following the method IARU, one can discuss the order of the desired value of the relative uncertainty belonging to CoP SI ≡ LMТΘI. An estimated observation B. Menin [34] . In this case, the possible observed range S k of k placing is equal to:
According to (16) and ( 
This value agrees well with [33] . Guided by the IARU method, one can calculate the achieved comparative uncertainty in each experiment (Table 4 ). There is a large gap between the comparative uncertainty calculated according to the information-oriented approach ε LMТθI = 0.222 and the experimental magnitudes achieved during measuring k by JNT. Unfortunately, there has been no progress to achieve higher accuracy during the last eight years.
There are obvious problems that can apparently be solved: a long measure- 
Doppler Broadening Thermometer
The DBT method uses the measurement of the Doppler width of the spectral line in a gas at a known temperature to determine the value of the Boltzmann con- often based on history, previous knowledge of the molecular structure, and equipment developed at the appropriate wavelength [23] . The results are shown in Table 5 [36]- [41] . 
This value agrees well with [41] . Using the IARU method, it is possible to calculate the achieved comparative uncertainty in each experiment (Table 5 ).
There is a large gap between the comparative uncertainty calculated in accordance with the information approach ε LMТθI = 0.222 and the experimental values achieved by measuring k with the DBT method. However, sufficient progress to achieve higher accuracy in the last eight years is obvious. To improve the accuracy of measurements, it is necessary to solve the following problems. In DBT, the shape of the absorption line is not a purely Gaussian profile due to collisional broadening (the natural width of the line due to spontaneous emission is usually negligible). For polyatomic molecules, such as water and ammonia, used to measure k, the pressure-dependent broadening coefficients cannot be calculated at the beginning. In addition, line shapes are analysed using more or less complex models, none of which describe ideally the interaction of light and matter. The validity of such models is a stumbling block for higher accuracy.
B. Menin
In this respect, atomic helium has non-ideal properties. Although its collision broadening coefficients can be calculated with slight uncertainty, helium resonance lines lie in the vacuum ultraviolet range, where there are no sources of continuous laser waves yet. Even in this case, besides fragile window cells and detectors, photoionization of excited particles will undoubtedly complicate the analysis of the line shape [23] .
Discussion
The reality is not so simple. Estimates and measurements always have uncertainties. This concept is absolutely important for scientific research: what you know is far less important than how well you know it. The real main idea of any scientific discussion is to delve into uncertainties and how they are evaluated.
As mentioned above, to estimate the accuracy achieved in various natural and technological processes, including measurements of fundamental physical constants, the concept of relative uncertainty is used. This method of determining the measurement accuracy does not indicate the direction in which the true value of the fundamental physical constant can be found. In addition, it includes an element of subjective judgement [3] .
Under the proposed approach, for each mathematical model of a physical law there is an uncertainty, which initially, before the full-scale experimental studies, In addition to the comments made in Section 3 regarding the analysis of the measurement results of the Boltzmann constant based on four different methods using IACU and IARU (summarized in Table 6 ), the following should be noted. The greatest success in achieving high accuracy in measuring k was achieved using DCGT, given the significant difference in the magnitude of the compara- ). Table 6 . Summarized data. 
Conclusions
In addition to analysing the relative uncertainty, the introduced approach may allow a new methodology that will help further monitor the accuracy of the Boltzmann constant measurement. The use of the μ SI -hypothesis only limits the scope of the theory of measurements for uncertainties that are much larger than the model uncertainty due to its finiteness.
The μ SI -hypothesis might be applicable to experimental verification. In general, it is available when the researcher has all the information about the uncertainty interval of the main quantity.
Because the proposed method is not associated with a specific structure of the model, which may change, it is more common, easy and leads to the solution of specific problems, without requiring detailed information about the set of quantities. However, it does not disclose the internal mechanism of phenomena.
Equation (1) clearly indicates that it is impossible to develop an experimental device that would allow achieving the exact value of the chosen comparative uncertainty for a given measurement result. The μ SI -hypothesis, given in equation
(1), makes the lower limit of the entropy change of the selected model inaccessible from theoretical considerations. This trend is reflected in the gap between the value of the calculated experimental comparative uncertainty and its theoretical lower limit, the value of which depends on the selected class of phenomena.
The information-oriented approach, in particular IARU, allows calculation of the relative uncertainty, which is in good agreement with the CODATA recommendations. The principal difference between this method and the existing statistical and expert CODATA methodology is the fact that the information method is theoretically justified. Thus, the presented method can serve as a practical tool for ascertaining the preferences, advantages and disadvantages of various methods of measuring the Boltzmann constant.
